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Abstract 
Carbon capture and storage (CCS) will not reach its full greenhouse gas emissions mitigation potential 
without harnessing the vast storage resource thought to exist within deep saline formations. These 
formations occur within most sedimentary basins and are defined, in part, by containing interstitial 
formation fluid that is unfit or uneconomic for current or future use. Though parts of deep saline 
sedimentary successions may be well understood, most have not been characterized in detail for CO2 
storage. Knowledge of critical reservoir parameters is therefore usually insufficient to accurately define 
storage systems within them at the range of spatial and temporal scales required for a CO2 injection site. 
Previous reconnaissance studies are a useful starting point for CO2 storage system appraisal where 
exploration survey data exists. This study screens likely storage locations within the onshore Gippsland 
Basin in eastern Victoria, southeastern Australia. The most prospective system is close to industrial CO2 
emissions nodes and comprises suitable stratigraphy at appropriate depth. However, new geological 
characterization suggests existing interpretations are unsatisfactory and the opportunity for CO2 storage 
there may be more limited and challenging than initially thought. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The Gippsland Basin covers an area of 56,000 km2, 30% of which lies onshore [1,2,3]. Discovered 
recoverable hydrocarbon reserves offshore number four billion barrels of oil and 10 trillion cubic feet of 
gas [4,5,6]. By contrast, many dry wells have followed the first onshore oil discovery at Lakes Entrance 
[7,1], due perhaps to hydrodynamic flushing [4,8] or leakage across faults and up gas chimneys [6,9]. 
The study area consists of the lower Latrobe Valley and Central Gippsland (Shire of Wellington) 
regions, 150-200 km ESE of Melbourne (Figure 1). Though generally rural this area is best known as an 
electricity generation hub fuelled by the large brown coal resource of the Latrobe Valley.  Currently, 85% 
of Victorian electricity is generated there [10].  In 2006 this was responsible for just under half (45.2%) of 
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net CO2 equivalent greenhouse gas (GHG) emissions across Victoria [11,12]. Assuming 80.6% of GHG 
emissions in the area are CO2 [12], CCS within the study area has the potential to dispose of up to 37.3% of 
annual Victorian GHG emissions. This equates to 54.6 Mt/yr and 0.8 Mt/yr from brown coal and natural 
gas burning power stations respectively [11]. A natural gas and crude stabilization plant within the area at 
Longford also produces subordinate fugitive emissions. 
2. Target formations 
The generalized stratigraphy of the onshore Gippsland Basin contains a number of formations with 
suitable reservoir characteristics for geological CO2 storage [7]. Previous petroleum exploration has 
targeted the Latrobe Group [13,9], which is the second of three regional megasequences and corresponds to 
a tectonic drift succession deposited following continental break-up [14,5,2]. Initial screening for storage 
prospects focused on two subgroups of the Latrobe Group onshore. 
2.1. Basal Latrobe (lower Halibut subgroup) 
The Halibut subgroup consists of five formations that represent a persistent terrestrial-barrier bar-marine 
depositional tract that ran from northwest (onshore) to southeast (offshore) from the Late Cretaceous to 
early Paleogene [1,14,5,9]. The Basal Latrobe (BL) prospect onshore comprises the Barracouta Formation 
[2], a succession of upper coastal plain fluvial and occasional barrier bar sediments with minor coal 
[13,2,6,9]. The succession is generally sand-rich with occasional mudstones and coal. 
2.2. Golden Beach subgroup 
The Golden Beach subgroup is older (deeper) and the first to show marine influence representative of 
crustal thinning and thermal subsidence prior to opening of the Tasman Sea [1,14,13,3]. The Golden Beach 
Figure 1: Map of study area showing the critical depth surface in relation to section lines of interest and the new geo-model grid. 
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(GB) prospect onshore comprises the Chimaera Formation that consists of coarse-grained alluvial 
fan/fluvial braid-plain to coastal plain/lagoon sediments with some coals [1,14,13,2,9]. 
3. Identifying storage leads 
Chiupka [7] used maps and well correlations to propose prospective intra Latrobe Group, Golden Beach 
subgroup and Strzelecki Group reservoir closures. These were adopted as the starting point for identifying 
viable geological CO2 storage systems onshore (Figure 1). 
3.1. Supercritical surface 
Onshore geothermal gradient data [15] were combined with an assumption of hydrostatic pressure 
(water density of 1000 kg/m3, acceleration due to gravity of 9.81 m/s2) to calculate the depth at which 
supercritical CO2 phase-state conditions are reached. Critical temperature (31.1
oC) and pressure (7.38 
MPa) produced a (minimum) critical depth of 752.3 m. Supercritical conditions are reached at the critical 
temperature for ‘subcritical’ geothermal gradients [16]. Critical depths at wells were subsequently 
interpolated. The coolest area coincides with thickest sediment cover [17] and deep on-to-offshore 
formation water flow [8]. The ‘subcritical’ geotherm there depresses supercritical conditions to a maximum 
depth of 1157.5 m (Figure 1). Of other local depressions, the geotherm low east of Yarram [2] may indicate 
formation water leakage from Latrobe Group sediments to the seabed [8]. 
3.2. Viable closures 
Chiupka [7] constructed four 2D cross sections to demonstrate prospective closure to hypothetical 
reservoirs. Latrobe Group (well correlation) and Strzelecki Group (gravity and magnetic surveys) section 
lines (1-4) are joined in Figure 1 by a borehole correlation section (line 5) of younger Latrobe Valley 
Group sediments [18]. Projection of the critical surface reveals no possible closure to reservoir at 
supercritical depths for Section Line 5. A geometric calculation of hypothetical CO2 storage capacity for 
the others assumed reservoir closure out of section and suboptimal efficiency in accessing pore volume. 
The Total Pore Volume (TPV) mass capacity was calculated as follows: 
 
      (1) 
 
where CTPV is the TPV CO2 mass storage capacity [M], Vres is the bulk volume of the reservoir body [L3], 
Øres is the average reservoir porosity, and ρCO2 is the average density of supercritical CO2 under reservoir 
conditions [ML-3]. CO2 storage simulations have suggested a Storage Efficiency Factor, ‘E’, to lie in the 
range 1-6% [19,20]. Effective Porosity Volume (EPV) mass capacities (CEPV) were calculated at E1% to 
accommodate uncertainty in reservoir geometry and petrophysical properties.  
3.3. Section Line 3 (SL3) 
A thick interval of GB subgroup sandstone was correlated along SL3 [7] with hypothesized closure 
against the Rosedale Fault. Above this lies a thick, more extensive interval of BL sandstone. Several 
sealing lithologies were shown to occur above and between both intervals. Thus, a dual reservoir system 
was proposed and produced a calculated EPV mass storage capacity of ~3.83 kt/m (kilotonnes per metre 
out of section) at the E1% level [11]. SL3 is located close to the coast and is crossed by numerous off-to-
onshore petroleum supply pipelines. Geological storage of CO2 there appears favorable from geoscientific 
and infrastructural perspectives so this system was characterized further. 
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4. Geological characterization 
A 3D geo-cellular model of the SL3 CO2 storage system was constructed using well log data from North 
Seaspray-1 (NS1), Carrs Creek-1 (CC1), Golden Beach West-1 (GBW1), Dutson Downs-1 (DD1), and 
Wellington Park-1 (WP1). The modeling approach consisted of three stages. 
4.1. Well log analyses 
Gamma ray (GR) or spontaneous potential (SP) well logs were used to generate derived logs of the 
proportion clay. Assumptions were made that (a) the GR response was directly proportional to the 
lithologic clay component (GR), and that (b) resistivity of the drilling mud filtrate had been much greater 
than that of formation water for all sandy units (SP). These led to a single transform equation [21]: 
 
   (2) 
 
where %Clay is the proportion of shale/clay, WLlog, WLmin and WLmax are local, minimum and maximum 
well log values respectively (GR in API; SP in mV). 
Porosity logs were generated from sonic velocity (SV) well logs using two empirical porosity 
transforms [22,23]. Khaksar and Griffiths [24] found the first algorithm [22] overestimates porosity by a 
mean absolute error (MAE) of 4.4 porosity units, while the second [23] underestimates porosity by a MAE 
of 2.7 porosity units. Calculated porosity lies between models, in proportion to the ratio of MAEs (4.4:2.7). 
A middle section of the SV well log is missing at WP1 but was compensated for by application of 
Archie’s Law (AL) to a Long-Normal (LN) resistivity well log. Constants of the AL equation were 
assumed uniform at WP1 (matrix cementation, pore network tortuosity, formation water resistivity and 
pore water saturation) and were conditioned by porosity derived from available SV log data. The equation 
was then manipulated to produce porosity from formation resistivity where the SV data is missing. 
Permeability well logs were generated using a direct relationship between the logarithm of permeability 
and porosity, calculated for the latest collection of data from the onshore Latrobe Group succession [25]. 
4.2. Well correlation and facies interpretation 
Key regional group-level stratigraphic horizons were incorporated directly [25]. Marker horizons, zones 
and intervals were inherited from Chiupka [7]. A laterally persistent coal interval is has relatively high 
porosity and low %Clay. Four facies classes were defined automatically using a simple sequential 
algorithm. Coals were defined with ø>0.30 and (ø-%Clay)>0.21; clean reservoir sands are non-coals with 
ø>0.15 and (ø-%Clay)>0.00; dirty reservoir sands are remaining intervals with ø>0.15; seals comprise the 
remainder, with Ø<0.15. The resulting facies distributions in wells suggest Chiupka [7] was overly 
optimistic in proposing numerous laterally contiguous, paired reservoir-seal intervals correlated across 
multiple wells [11]. The new interpretation shows seals to be sparse and laterally discontinuous, and clean 
reservoir to grade above into mixed reservoirs and coal material. 
4.3. Geo-cellular model development 
GB sediments are constrained geographically by the Rosedale Fault and additional faults cutting BL 
units. They pinch out to the west where the Strzelecki Group basement shallows towards the critical depth. 
Lateral model boundaries were defined to envelop GB sediments while the vertical extents of the Latrobe 
Group define model top and base. A corner-point grid aligned with the national map grid was created with 
a nominal lateral x-y cell dimension of 500 m. Grid cells are distorted at irregular model boundaries. 
Group-level model horizons [25] truncate lower-level model horizons in accordance with their geological 
history [14]. Well tops and isochores were extrapolated across the model and used to build the succession 
of model horizons and intervening zones from the base up. Nominal reservoir and sealing zones (expected 
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to host most CO2 migration) were divided into many thin grid layers. Remaining zones were coarsely 
divided into layers that thin to the west. The coal horizon zone was not subdivided in the model. 
Well logs were upscaled at model cells cut by wells (well cells); by majority facies, arithmetic mean 
porosity and harmonic mean permeability. The latter two were biased by upscaled facies. 3D variograms 
were developed for facies, porosity and permeability within each model zone using correlation analysis of 
derived (non-upscaled) well logs. These were used to populate facies away from well cells by Sequential 
Indicator Simulation (SIS). Similarly, Sequential Gaussian Simulation (SGS) populated porosity and 
permeability away from wells cells. SGS of porosity was constrained by the pre-populated facies 
distribution, and used assumptions of a normal-scores distribution and linear trends with depth calculated 
from well cells per facies, per model zone. SGS of permeability was constrained by the pre-populated 
facies distribution, was co-kriged with pre-populated porosity and was constrained by the assumption of a 
geometric (log normal-scores) distribution calculated from well cells per facies, per model zone. 
4.4. Discussion of model facies and petrophysical properties 
Figure 2 shows a comparison along SL3. There is an absence of seal facies above the BL reservoir, 
which generally consists of clean reservoir facies, though seal facies occur most frequently within both BL 
reservoir and GB subgroup model zones. There appears to be no geological barrier to CO2 reaching the 
critical depth should the Major Coal be permeable. The highly stratified Interbedded Sands & Muds may 
slow progress of buoyant CO2, though few if any layers of seal facies are present. Injection within the GB 
reservoir may provide for better containment. A relatively widespread seal facies layer occurs below the 
BL Marker horizon but it does not appear to be laterally continuous. A problem for storage within the GB 
reservoir may be lack of injectivity into a mixture of dirty reservoir and seal facies. Porosity and 
permeability are likely to be low, restricting available storage volume and making access to it more 
difficult and costly. However once injected, buoyant CO2 residence times may be extended by 
intraformational baffle zones that increase sweep efficiency, allowing dissolution trapping to become a 
major containment mechanism. 
Chiupka [7] believed there 
to be a succession of 
interbedded sands and muds 
below the coal layer, followed 
by a thick, laterally persistent 
seal. The new geo-model 
shows no underlying seal 
facies and pulls up the BL 
reservoir. This reservoir zone 
now shows variable thickness 
and a mixture of reservoir 
facies, particularly between 
GBW1 and DD1. Chiupka [7] 
implies contiguous sealing 
between the BL Marker seal 
and an upper GB sealing unit 
penetrated by DD1. The new 
geo-model shows all seal 
facies units to be laterally 
discontinuous. The majority of 
the GB reservoir implied by 
Chiupka [7] maps within lower 
BL sediments of the new geo-model, where no clean reservoir sand seems to occur. The new geo-model 
shows that the old BL Marker sealing unit [7] is replaced by dirty reservoir facies at and west of CC1. Both 
models show the BL Marker becoming shallower in this direction, implying that buoyant CO2 below would 
Figure 2: Facies of the new geo-model (top) against those of Chiupka [7] (bottom) as cut by 
Section Line 3. Comparable depth windows are highlighted. 
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migrate with a westward component. If injected CO2 migrated that way it would circumvent the seal facies 
that disappear near CC1. 
Overall, the new model suggests Chiupka [7] was overly optimistic in predicting the volume and 
configuration of viable seal facies above reservoirs units and also in predicting clean reservoir sands at 
greater depth. The new geo-model appears to be deficient in both facies and represents a less attractive 
system for CO2 storage. 
Model porosity (Figure 3) reflects the distribution of facies (which were designated using porosity at 
wells and used subsequently to populate model porosity). A high porosity zone within the BL reservoir 
identifies the zone with greatest hypothetical specific CO2 storage capacity. This contrasts with the 
relatively uniform, low porosity GB reservoir. The distribution of permeability follows those of facies and 
porosity (Figure 3). Variation in architecture between porosity and permeability distributions is either 
artificial (geostatistical variation) or merely apparent (normally distributed porosity vs. geometrically 
distributed permeability). The permeability distribution confirms that buoyant CO2 injected beneath the BL 
Marker sealing unit would be likely to circumvent it, enter the BL reservoir and continue relatively 
unimpeded towards the critical depth. 
Key model uncertainties are the nature and behavior of the Major Coal. Lateral persistence and degree 
of fracturing will determine its performance as an impermeable sealing unit. Currently, the new geo-model 
does not characterize the porosity or permeability of coal facies differently to those of the surrounding 
porous medium. Thus, the high porosity that partially defines coal confers high permeability. From this 
perspective, the new geo-
model represents a realization 
of minimum CO2 containment 
potential. 
GB subgroup sediments are 
relatively low permeability 
with no distinction apparent 
between nominal reservoir and 
overlying seal. Injection within 
lower BL sediments at DD1 
might be the best option for 
CO2 storage. The BL Marker 
horizon there reaches a local 
apex and is overlain 
immediately by relatively low 
permeability sediments and 
further up, by the thickest 
section of potential Major Coal 
seal. The likelihood of lateral 
CO2 migration is limited by the 
relatively high permeability 
material overlying the BL 
reservoir. 
4.5. Model limitations 
A number of assumptions and simplifications were made when generating the %Clay and porosity well 
logs. GR well log response is not always proportional to clay mineral concentration. The assumption that 
SP resistivity of drilling mud filtrate was much greater than that of formation water for all sands [21] is 
probably unfair as Latrobe Group formation water is likely fresh onshore [8]. Perhaps most questionable 
were assumptions that the logged section of WP1 had uniform formation water fluid resistivity, pore 
network tortuosity (including cementation) and water saturation across the boundary between Latrobe and 
Strzelecki Groups. Latrobe Group sediments are nominally high porosity, poorly cemented reservoir sands. 
Figure 3: Porosity and permeability distribution of the new geo-model cut along SL3. 
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By contrast, Strzelecki Group sediments are compositionally and texturally immature [7,14,5,6]. This 
confers a lower porosity as seen in SV well logs, more tortuous pore network topology and lower 
permeability, to the extent that interstitial formation water may be connate [26,6]. 
The %Clay and porosity cut-off values used to define facies was made quasi-arbitrarily. Values for coal 
facies were chosen to match the interpretation of Chiupka [7]. Distinction between reservoirs and seal was 
made on the basis that a minimum reservoir porosity (15%) falls within the lower part of the range 
encountered worldwide for reservoir rocks of this age and depth [27]. Reservoir facies could only be 
considered “Clean” if %Clay did not exceed 15% for the lowest possible reservoir porosity, producing 
“Arenite” according to Vernik [23]. 
5. Further modeling 
The Rosedale Fault is thought to 
act as a hydraulic barrier at Latrobe 
Group level [8]. Its geometry and 
strain history have been modeled 
using stratigraphic discordances seen 
within 2D seismic survey data. This 
information defined a finite element 
geomechanical model that restored 
total strain magnitude across the 
Rosedale Fault cell-by-cell using the 
present-day 3D stress tensor [11]. Results show strain hot-spots in 3D (Figure 4) where fault related 
fracture zones might enhance porous medium permeability. Conversely, high strain along the fault may 
indicate where fault sealing is enhanced by fault shale gouge. 
6. Conclusion 
The new geo-model suggests that CO2 injected through one of GBW1 or DD1 [11] might not be 
contained. The static distributions of facies, porosity and permeability suggest that injected CO2 would 
migrate with buoyant vertical and westward components. Seal facies are relatively permeable throughout 
and the potential either for structural or stratigraphic trapping (as implied by Chiupka [7]) is low. Storage 
in this area should aim to achieve slow CO2 migration that maximizes contact with the porous medium. 
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